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(54) Efficient electron-injection for organic electroluminescent devices 



(57) An organic electroluminescent (EL) device hav- 
ing a layered structure, including an anode; an organic 
hole-transport layer in contact with the anode; an 
organic emitting layer having one surface thereof in con- 
tact with the hole-transport layer; an organic electron- 
transport layer in contact with a second surface of the 



emitting layer; an electron-injecting layer in contact with 
the electron -transport layer; and a cathode in contact 
with the electron -injecting layer, wherein the electron- 
injecting layer includes aluminum and at least one alkali 
halide or at least one alkaline earth halide. 
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Description 

[0001] The present invention relates generally to electroluminescent (EL) devices, and more particularly to organic 
EL devices having a layered structure which provides an efficient electron-injecting layer. 
5 [0002] Organic electroluminescent (EL) devices, also referred to as organic light-emitting devices, contain spaced 
electrodes separated by an organic light-emitting structure (also referred to as an organic EL m dium) which emits light 
in response to the application of an electrical potential difference across the electrodes. 

[0003] In recent years, preferred organic EL devices have been constructed by employing thin film deposition tech- 
niques. Using an anode as the device support, the organic EL medium is deposited as one or a combination of thin films 

jo followed by the deposition of a cathode, also formed as a thin film deposition. Thus, starting with the anode structure, it 
is possible to form the entire active structure of an organic EL device by thin film deposition techniques. Examples of 
organic EL devices containing organic EL medium and cathode constructions formed by thin film deposition are pro- 
vided by commonly-assigned US-A-4, 356,429; US-A-4,539,507; US-A-4,720,452; and US-A-4, 769,292. 
[0004] While the art has encountered little difficulty in constructing fully acceptable stable anodes for the organic 

75 EL devices, cathode construction has been a matter of extended investigation. In selecting a cathode material, a bal- 
ance must be struck between materials having the highest electron-injecting efficiencies and those having the highest 
levels of stability. The highest electron-injecting efficiencies are obtained with alkali metals, which are too unstable for 
convenient use, while materials having the highest stabilities show limited electron-injection efficiencies. 
[0005] To provide an organic EL device with a cathode having acceptable electron-injection efficiency and accept- 

20 able environmental stability, commonly-assigned US-A-4,885,21 1 teaches the formation of a cathode of a combination 
of metals, with at least 50 percent (atomic basis) of the cathode being accounted for by a metal having a work function 
of less than 4.0 eV. Commonly-assigned US-A-5,047,687 teaches the use of a cathode containing a plurality of metals, 
at least one of which is a low work function metal other than an alkali metal. 

[0006] Commonly-assigned US-A-5,677,572 discloses a bilayer electrode on an N-type semiconductor. This elec- 
ts trades includes a non-conducting layer contacting the semiconductor and a conductive layer contacting the non-con- 
ducting layer. The materials and the thickness of the non-conducting layer are selected so that the bilayer forms a low 
resistance contact to the semiconductor, and provides a bilayer having acceptable stability against atmospheric corro- 
sion. More particularly, US-A-5,677,572 teaches that the non-conducting layer of the bilayer electrode can be selected 
from the group of alkali or alkaline earth fluorides or oxides, and the conductive layer can be selected from the group of 
30 elemental metals, metal alloys, nitrides, sulfides, and oxides. The non-conducting layer has a thickness in a range of 
0.3-5.0 nanometer (nm). 

[0007] US-A-5,429,884 discloses an organic electroluminescent element having a transparent anode, a hole-car- 
rying layer, a light-emitting layer, and an alloy cathode consisting of a first metal lithium and a stabilizing second metal 
aluminum, in which the concentration of the first metal lithium in the alloy region is controlled within a predetermined 
35 thickness from the interface between the alloy cathode and the organic layer. In a second embodiment, the first metal 
of an alloy cathode is stronthium and a stabilizing second metal is magnesium. 

[0008] As evidenced by the aforementioned disclosures, substantial efforts have been made to provide improved 
electron-injection into an N-type semiconductor layer from an electrode, and to enhance the stability of such electrodes 
in organic EL devices. 

40 [0009] In contrast to the disclosures in the above cited commonly-assigned US-A-4,885,21 1 ; US-A-5,047,687; and 
US-A-5,677,572 and of Namiki and others US-A-5,429,884 appear to be directed to an electron-injecting electrode in 
which a first electron-injecting component of the electrode is in contact with the N-type semiconductor, and a second 
component of the electrode serves to either stabilize the first component (such as in the case of the US-A-5,429,884 
device) or to provide an electrically conductive feature to the non-conducting first component (such as in the US-A- 

45 5,677,572 bilayer electrode). Stated differently, the cathodes described by US-A-4,885,21 1 and US-A-5,047,687 com- 
prise a mixture or an alloy of a low work function metal and a higher work function metal, wherein the mixture or alloy 
extends uniformly throughout the cathode from a surface of an N-type organic semiconductor to an upper surface of the 
cathode, while the non-conducting layer of the US-A-5,677,572I bilayer electrode contacting the N-type semiconductor 
extends between 0.3-5.0 nm in thickness therefrom, and the alloy region of the US-A-5,429,884 cathode extends from 

so above 0 nm to 150 nm in thickness from an organic light-emitting layer. 

[0010] Ultra-thin layers in contact with a semiconductor surface are the subject of an ongoing debate and discus- 
sion among experts in this field to provide a better understanding of the electron-injection processes from interfacial lay- 
ers which may be as thin as a few atomic dimensions. 

[001 1] It is an object of the present invention to provide efficient electron-injecting in organic EL devices. 
55 [001 2] This object is achieved in an organic electroluminescent (EL) device having a layered structure, comprising: 

a) an anode; 

b) an organic hole-transport layer in contact with the anode; 
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c) an organic emitting layer having one surface thereof in contact with the hole-transport layer; 

d) an organic electron-transport layer in contact with a second surface of the emitting layer; 

e) an electron-injecting layer in contact with the electron-transport layer; and 

f) a cathode in contact with the electron-injecting layer, 

5 wherein the electron-injecting layer includes aluminum and at least one alkali halide or at least one alkaline earth 
halide. 

[0013] The following advantages are obtained in the fabrication and operation of an organic EL device having the 
inventive electron-injecting contact formed between a device cathode and an organic electron-transport layer. Efficient 

10 electron-injection; improved electroluminescent efficiency; reduced device drive voltage; enhanced long term stability 
of the device during storage as well as during operation; and an increased choice among materials to form the cathode 
over the electron-injecting layer, including cathode materials which have heretofore been restricted for use in construct- 
ing anodes; due to the ultra-thin (less than 2 nm) structure of the electron-injecting layer. The electron-injecting layer is 
fully light-transmissive, therefore permitting light emission from the device through a light-transmissive cathode formed 

75 from chemically and environmentally stable light-transmissive materials. The present invention permits flexibility in the 
fabrication of the electron -injecting layer in that the aluminum constituent and the alkali or alkaline earth constituent of 
the electron-injecting layer can be co-deposited and, alternatively, can be sequentially deposited to form overlying thin 
layers (each thin layer having a thickness of less than 1 nm). 

20 FIG. 1 A is a schematic diagram of an organic EL device in accordance with a first embodiment of the invention, in 
which an electron-injecting layer is formed between a light-reflective cathode and an organic electron -transport 
layer of an EL medium structure, with light emission through a light-transmissive anode and a light-transmissive 
substrate; 

FIG. 2 is a schematic diagram of an organic EL device in accordance with a second embodiment of the invention, 
25 in which an electron-injecting layer is formed between a light-transmissive cathode and an organic electron-trans- 
port layer of an organic EL medium structure, and provided with a light-reflective anode, with light emission taking 
place through the cathode; 

FIG. 3 is a schematic diagram of an organic EL device in accordance with a third embodiment of the invention, in 
which an electron-injecting layer is formed between a light-transmissive cathode and an organic electron -transport 
30 layer of an organic EL medium structure, and having a light- reflective anode, with light emission occurring through 
the light-transmissive cathode and a light-transmissive substrate; 

FIG. 4 is a schematic diagram of an organic EL device in accordance with a fourth embodiment of the present 
invention, in which an electron-injecting layer is formed between a light-reflective cathode and an organic electron- 
transport layer of an organic EL medium structure, with a light emission taking place through a light-transmissive 
35 anode; and 

FIGS. 5A, 5B, and 5C are fractional schematic diagrams of different configurations of the construction of the elec- 
tron-injecting layer disposed between the light-transmissive cathode and the organic electron-transport layer of the 
device shown in FIG. 3. 

40 [0014] The drawings are necessarily of a schematic nature, since the thicknesses of the individual layers of the 
organic EL device are too thin, and thickness differences of the various layers are too great to permit depiction to scale 
or to permit convenient proportionate scaling. 

[0015] In the ensuing detailed description of the four major embodiments of the invention (FIGS. 1-4), like parts and 
parts with like functions have been assigned corresponding numeral designations for ease of interpretation of the draw- 
45 ings and for the purpose of brevity of presentation. Accordingly, features common to all embodiments of the organic EL 
device in accordance with the present invention will be detailed with reference to FIG. 1, while highlighting the major 
differences between and among the four embodiments. 

[0016] Turning now to FIG. 1, an organic EL device 10 has a light-transmissive substrate 11 on which is disposed 
a light-transmissive anode 12. An organic light-emitting structure 14 is formed over the anode 12. The organic light- 
so emitting structure 14 is comprised of, in sequence, an organic hole-transport layer 14a, an organic emitting layer 14b, 
and an organic electron -transport layer 14c. Provided over the electron-transport layer 14c is an electron-injecting layer 
16, and a light- reflective cathode 18 is formed over the electron -injecting layer 16. When an electrical potential differ- 
ence V is applied between the anode 12 and the cathode 18 such that the anode is at a more positive potential with 
respect to the cathode, the cathode 18 will inject electrons into the electron-injecting layer 16 which, in turn, will inject 
55 electrons into the organic electron -transport layer 14c of the EL medium structure 14. The electrons will traverse the 
electron-transport layer 14c, which is an organic N-type semiconductor and the electrons will further traverse the emit- 
ting layer 14b which is also capable of transporting electrons. At the same time, holes (positive charge carriers) will be 
injected from the anode 12 into the organic hole-transporting layer 14a and migrate thereacross. Recombination 
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between the electrons and holes occurs at or near an interface between the layers 14a and 14b, such recombination 
resulting in a release of energy in the form of light which, as depicted in FIG. 1, is emitted through the light-transmissive 
anode 1 2 and through the light-transmissive substrate 1 1 for viewing by an observer. The cross-hatching of the cathode 
18 is intended to indicate that the cathode is light-reflective, and it may also be optically opaque. 

s [0017] The light-transmissive substrate 1 1 can be constructed of glass, quartz, or a plastic material. The anode 12 
is preferably constructed of one or a combination of like-transmissive and electrically conductive metal oxides such as 
indium oxide, tin oxide, or indium tin oxide (ITO). As employed herein, the term "light-transmissive" means that the layer 
or element under discussion transmits greater than 50 percent of the light of at least one wavelength it receives, and 
preferably over a 100 nm interval. In order to function as an effective hole-injecting electrode, the anode 12 must have 

10 a work function in excess of 4.0 eV. ITO has a work function of about 4.7 eV, is readily and integrally formed on a sub- 
strate, and is chemically and environmentally stable, as well as being substantially operation resistant 
[0018] The organic EL medium structure (also referred to as the organic light-emitting structure) 14 is preferably 
constructed by sequential vapor deposition of the hole-transport layer 14a, the emitting layer 14b, and the electron- 
transport layer 14c. Following the teachings of aforementioned commonly-assigned US-A-4,539,507, the hole-transport 

is layer 1 4a preferably contains at least one aromatic tertiary amine. 

[0019] Both the organic emitting layer 14b and the organic electron-transport layer 14c are constructed by vapor 
deposition of organic materials which have electron-transporting properties, and which are capable of thin film forma- 
tion. Thus, both the emitting layer 14b and the electron-transport layer 14c can be constructed from one or a combina- 
tion of organic electron-transporting materials, with the emitting layer 14b additionally containing a dye capable of 

20 emitting light in response to hole-electron recombination. 

[0020] Particularly preferred thin film forming materials for use in forming the electron-transport and emitting layers 
of the organic EL device 10 are metal chelated oxinoid compounds, including chelates of oxine itself (also commonly 
referred to as 8-quinolinol or 8-hydroxyquinoline). Such compounds exhibit both high levels of components and are 
readily fabricated in the form of thin films. 

25 [0021] It is possible to modify the wavelength of emission from the emitting layer 14b and, in some instances, to 
increase the stability of the organic EL device in operation by incorporating in the emitting layer 14b a dye capable of 
emitting light in response to hole-electron recombination. In the above cited commonly-assigned US-A-4,769,292, 
describe internal junction organic EL devices containing dyes selected from a variety of classes molecularly dispersed 
in electron-transport host materials. 

30 [0022] The preferred active materials forming the organic EL medium structure 14 are each film-forming materials 
and capable of vacuum vapor deposition. Individual layer thicknesses of the organic layers of the EL medium structure 
14 are in a preferred range of 10-200 nm. It is generally preferred that the overall thickness of the organic EL medium 
structure be at least about 100 nm. 

[0023] It has been found quite unexpectedly that an ultra-thin layer, having a thickness of less than 2 nm, and com- 

35 prising a mixture of aluminum and at least one alkali halide or at least one alkaline earth halide forms an efficient elec- 
tron-injecting layer 16 when vapor deposited over the organic electron-transport layer 14c, prior to depositing the 
cathode 18. Preliminary observations further indicate that an effective electron-injecting layer 16 can be provided by 
sequential vapor deposition on the organic electron-transport layer 1 4c in either a sequence of a thin layer of aluminum 
followed by deposition of a thin layer of an alkali halide or an alkaline earth halide and, alternatively, in a reverse 

40 sequence, that is, a thin layer of the alkali halide or the alkaline earth halide formed on the organic electron-transport 
layer 14c, followed by a thin layer of aluminum. In the sequential vapor deposition of the two respective thin layers, it 
has been observed that a thickness of less than 1 nm for each of the thin layers is sufficient to provide an effective elec- 
tron-injecting layer 1 6. At a total thickness of less than 2 nm, the electron -injecting layer 1 6 is a light-transmissive layer. 
[0024] Particularly suitable alkali halides are lithium fluoride, sodium fluoride, potassium fluoride, rubidium fluoride, 

45 and cesium fluoride, and suitable alkaline earth halides are magnesium fluoride, calcium fluoride, stronthium fluoride, 
and barium fluoride. The invention contemplates the incorporation of at least one of the alkali halides or at least one of 
the alkaline earth halides in the electron-injecting layer 16, together with the aforementioned aluminum. 
[0025] As indicated previously, the organic electron-transport layer 24c can be a metal chelated oxinoid compound, 
here simply referred to as a metal chelate. Alternatively, the organic electron-transport layer 14c can be formed from a 

so metal chelating compound which is capable of forming, at least throughout a portion of its thickness dimension, a metal 
chelate when a source of metal (particularly a source of metal vapor) is provided at the free surface of the layer of the 
metal chelating compound. 

[0026] As indicated above, the light-transmissive anode 12 of FIG. 1 is preferably constructed of ITO. Other light- 
transmissive anodes can be fabricated from aluminum- or indium-doped zinc oxide, tin oxide, magnesium-indium-oxide, 
55 nickel-tungsten-oxide, and cadmium-tin-oxide. The light-reflective cathode 18 of FIG. 1 can be a light-reflective elemen- 
tal metal or a light- reflective metal alloy. Since the electron-injecting layer 16 provides an effective electron -injection into 
the organic electron-transport layer 1 4c, the choice of reflective elemental metal or reflective metal alloy for forming the 
cathode can now encompass materials which have reflective properties and are also physically and chemically stable 



4 



EP 1 083 612 A2 



during storage and operation of the device 1 0. In fact, the invention specifically contemplates light-reflective elemental 
metal or metal alloy cathodes which, in the absence of the electron-injecting layer 16, could have only been considered 
as materials suitable for the anode of that device. 

[0027] Emission of light is provided from the organic EL device 1 0 whenever a voltage source V provides a dry sig- 
5 nal applied between the anode 1 2 and the cathode 1 8 such that the anode is at a positive potential relative to the cath- 
ode. 

[0028] In FIG. 2, a second embodiment of an organic EL device 20 in accordance with the present invention pro- 
vides emission of light through a light-transmissive cathode 28, while an anode 22 is light-reflective as indicated by the 
cross-hatching. The substrate 21 can be a metal, a semiconductor such as silicon, or a ceramic substrate. The sub- 

10 strate can be optically opaque in this configuration. The electron-injecting layer 26 is disposed between the cathode 28 
and an organic electron-transport layer 24c of an organic EL medium structure 24. All other features and functions of 
the organic EL device 20 are substantially identical to the features and functions described with reference to FIG. 1, 
including the selection of light-transmissive materials selected for constructing the cathode 28 previously described for 
the construction of the anode 1 2 of FIG. 1 . 

is [0029] Referring now to FIG. 3, a third embodiment of an organic EL device 30 has a light-transmissive substrate 
31 and a light-transmissive cathode 38 on one surface thereof. An electron-injecting layer 36 overlies the cathode 38 
and is in contact with an organic electron-transport layer 34c of an organic EL medium structure 34 whose uppermost 
organic hole-transport layer 34a is in contact with a light-reflective anode 32. Light emission from the device 30 occurs 
when a voltage source V provides a drive signal applied between the anode 32 and the cathode 38 such that the anode 

20 is biased positively with respect to the cathode. 

[0030] While light emission from the organic EL device 30 and from the device 10 of FIG. 1 occurs through the 
respective light-transmissive substrates 31 and 1 1 , it will be noted that the construction and arrangement of the layered 
structure of the device 30 above the substrate 31 is inverted when compared to the layered structure of the device 10 
of FIG. 1. 

25 [0031] The light-transmissive cathode 38 can be constructed from electrically conductive and light-transmissive 
oxides previously mentioned in conjunction with the construction of the anode electrode 12 of the device 10 of FIG. 1 , 
since the electron-injecting layer 36 provides for enhanced electron-injection efficiency into the organic electron-trans- 
port layer 34c from a cathode constructed of a material having a work function greater than 4 eV. 
[0032] Turning to FIG. 4, an organic EL device 40 provides a fourth embodiment of a device in accordance with the 

30 present invention. Here, a light emission occurs through a light-transmissive anode 42 when an appropriate dry voltage 
V is applied between the anode and a light-reflective cathode 48. As discussed previously with respect to the organic 
EL device 20 of FIG. 2, the substrate 41 can be made of a metal, a semiconductor, or a ceramic material, and the sub- 
strate 41 may be optically opaque. The cathode 48 is suitably constructed of a light-reflective elemental metal or of a 
light-reflective metal alloy. The light-transmissive anode 42 is constructed from any of the aforementioned electrically 

35 conductive and light-transmissive metal oxides. 

[0033] Turning now to FIGS. 5A, 5B, and 5C, enlarged fractional views of the electron-injecting layer 36 of the 
device 30 of FIG. 3 are depicted together with portions of the light-transmissive cathode 38 and the organic electron- 
transport layer 34c. 

[0034] In FIG. 5A, the ultra-thin (less than 2 nm) electron-injecting layer 36 is comprised of a mixture on an atomic 
40 scale of aluminum (36a) and of a selected alkali halide or a selected alkaline earth halide (36h), the layer 36 having 
been formed by co-deposition of the aluminum and the respective halide either from independently controlled vapor 
deposition sources or from a composite deposition source. The atomic mixture of aluminum and an alkali halide or an 
alkaline earth halide is indicated by the term 36a+36h. 

[0035] In FIG. 5B, an equally efficient electron-injecting layer 36 can be provided by sequential vapor deposition of 
45 an ultra-thin (less than 1 nm) layer of an alkali halide or of an alkaline earth halide 36h over the cathode 38, followed by 
deposition of an ultra-thin (less than 1 nm) layer of aluminum 36a, and followed by a vapor deposition of the organic 
electron-transport layer 34c. An imagined boundary line 37 is shown here merely for the purpose of indicating the 
sequential vapor deposition process used to form the electron-injecting layer 36, rather than to represent a clear and 
distinct boundary between the sequentially deposited thin layers, each of which has a thickness corresponding to a few 
so atomic monolayers. 

[0036] In FIG. 5C, an efficient electron-injecting layer 36 can also be formed by sequential deposition over the cath- 
ode 38 of a first ultra-thin (less than 1 nm) layer of aluminum 36a, followed by deposition of an ultra-thin (less than 1 
nm) layer of an alkali halide or of an alkaline earth halide 36h, and followed by vapor deposition of the organic electron- 
transport layer 34c. As indicated above, the imagined boundary line 37 is intended to merely indicate the sequential 
55 deposition of the thin layers, rather than a discreet boundary between these layers. 

[0037] The formation of an efficient electron -injecting layer 36 as schematically depicted in FIGS. 5A-5C is equally 
applicable to forming the electron-injecting layer in each of the aforementioned device embodiments in accordance with 
the invention. 
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[0038] The present invention contemplates an electron-injecting layer having a thickness of less than 2 nm and 
comprised of vapor deposited aluminum and more than one vapor deposited alkali halide such as, for example, a vapor 
deposited lithium fluoride and a vapor deposited cesium fluoride. Similarly, the present invention contemplates an effi- 
cient electron-injecting layer comprised of vapor deposited aluminum and more than one vapor deposited alkaline earth 

5 halide, such as, for example, magnesium fluoride and stronthium fluoride. 

[0039] In forming the electron-injecting layer, the layer is comprised of aluminum and at least one alkali halide 
selected from among lithium fluoride, sodium fluoride, potassium fluoride, rubidium fluoride, and cesium fluoride, and 
alternatively, comprised of aluminum and at least one alkaline earth halide selected from among magnesium fluoride, 
calcium fluoride, stronthium fluoride, and barium fluoride. In bulk form or in crystalline form, each of the aforementioned 

w preferred alkali fluorides or alkaline earth fluorides is an electrical insulator, that is, in bulk form these materials are elec- 
trically non-conductive. Furthermore, in bulk form or in crystalline form, a chemical reaction between aluminum and any 
one of the alkali fluorides or any one of the alkaline earth fluorides is considered to be thermodynamicaJly unlikely. How- 
ever, as evidenced by the efficient electron-injecting layer formed in any manner as depicted in FIGS. 5A, 5B, and 5C, 
is suggestive of chemical and/or physical interactions between the constituents of the layer of the ultra-thin layer. 

75 

EXAMPLES 

[0040] EL devices of this invention were constructed in the following manner: 

20 1 . A glass substrate with a pre-patterned ITO layer was thoroughly cleaned using a commercial glass-plate clean- 
ing tool, followed by an oxidative plasma treatment of the ITO surface. 

2. Organic EL medium including a hole-transport layer (NPB) and an electron -transport and emissive layer (Alq) 
was deposited sequentially onto the ITO substrate by vacuum vapor deposition. The individual layer thickness was 
about 0.7 nanometer. 

25 3. An electron-injecting layer including a LiF layer and an Al layer was deposited onto the organic EL medium by 
vacuum vapor deposition. For LiF, the heating element for the vapor deposition was a resistively heated tantalum 
boat For Al, the heating element was either an electron-beam source or an resistively heated tungsten boat. The 
rate of deposition was typically 0.05 to 0.1 nanometer for both LiF and Al layers. 

4. The cathode metal (Ag) layer was deposited onto the electron-injecting layer by vacuum deposition using a resis- 
30 tively heated tantalum boat. The thickness of this layer was on the order of 1 00 nanometer. 

5. The active area of the EL devices was 0.1 cm 2 . 

[0041] In Table 1 , the characteristics of EL devices with various electron -injection contact configurations are com- 
pared. 

35 



Table 1 



Characteristics of organic EL devices 


Ex 


Electron-injection layer 
thickness (nm) 


EL @ 2 mA/cm 2 


El @ 100 mA/cm 2 




LiF 


Al 


Voltage (V) 


L (Cd/m 2 ) 


Eff (cd/A) 


Voltage (V) 


L (cd/m 2 ) 


Eff (cd/A) 


1 


0.3 


0 


7.6 


<1 


<0.1 


15.2 


<10 


<0.1 


2 


0.3 


0.2 


6.4 


21.6 


1.08 


12.5 


1523 


1.52 


3 


0.3 


0.3 


4.2 


68 


3.39 


8.9 


3672 


3.58 


4 


0.3 


0.5 


4.1 


60.2 


3.01 


8.5 


3236 


3.24 


5 


0.3 


0.7 


4.1 


58.4 


2.92 


9.9 


3256 


3.26 


6 


0.3 


1.0 


4.1 


62.9 


3.15 


10.0 


3220 


3.22 



[0042] In these examples, the LiF layer thickness was kept fixed at 0.3 nm while the Al layer thickness was varied 
55 from 0 to 1 .0 nm. Ex. 1 is the control device without the Al layer. It can be seen that the EL characteristics of this control 
device are poor relative to the EL devices (Ex. 2-6) containing the Al layer. The drive voltages at high and low current 
densities are significantly lowered with an ultra-thin LiF/AI layer as the electron-injecting contact. The EL luminance and 
luminance efficiency are dramatically increased with the LiF/AI electron-injecting contact. 
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[0043] Similar effects have been observed with other high work-function cathode materials such as Au. 
[0044] Other features of the invention are included below. 

[0045] The organic EL device wherein the electron-injecting layer is light-transmissive. 

[0046] The organic EL device further including a substrate having disposed on one surface thereof the cathode or 
5 the anode. 

[0047] The organic EL device wherein the substrate is light-transmissive, and the cathode disposed on the one sur- 
face thereof and is light-transmissive, and the anode is in contact with the hole-transport layer and is light-reflective. 
[0048] The organic EL device wherein the substrate is light-transmissive, and the anode is disposed on the one sur- 
face thereof and is light-transmissive, and the cathode is contact with the electron-injecting layer and is light-reflective. 
io [0049] The organic EL device wherein the light-transmissive cathode is selected from the group consisting of 
indium-tin-oxide, aluminum- or indium-doped zinc oxide, tin oxide, magnesium-indium-oxide, nickel-tungsten-oxide, and 
cadmium-tin-oxide. 

[0050] The organic EL device wherein the light-reflective anode is selected from the group consisting of light-reflec- 
tive elemental metal, and light-reflective metal alloys. 
75 [0051] The organic EL device wherein the light-reflective anode is selected from the group consisting of indium-tin- 
oxide, aluminum- or indium-doped zinc oxide, tin oxide, magnesium-indium-oxide, nickel-tungsten-oxide, and cadmium- 
tin-oxide. 

[0052] The organic EL device wherein the light- reflective cathode is selected from the group consisting of a light- 
reflective elemental metal, and light-reflective metal alloys. 
\ 20 [0053] The organic EL device wherein the organic electron-transport layer is comprised of a metal chelate or of a 
metal chelating compound. 

[0054] The organic EL device wherein the light-reflective anode is selected from the group consisting of light-reflec- 
tive elemental metal, and light- reflective metal alloys. 

[0055] The organic EL device wherein the organic electron-transport layer includes a metal chelate or of a metal 
25 chelating compound. 

[0056] The organic EL device wherein the at least one alkali halide is selected from the group consisting of lithium 
fluoride, sodium fluoride, potassium fluoride, rubidium fluoride, and cesium fluoride. 

[0057] The organic EL device wherein the at least one alkaline earth halide is selected from the group consisting of 
magnesium fluoride, calcium fluoride, stronthium fluoride, and barium fluoride. The organic EL device wherein the at 
30 least one alkali halide is 

[0058] selected from the group consisting of lithium fluoride, sodium fluoride, potassium fluoride, rubidium fluoride, 
and cesium fluoride. 

[0059] The organic EL device wherein the at least one alkaline earth halide is selected from the group consisting of 
magnesium fluoride, calcium fluoride, stronthium fluoride, and barium fluoride. 
35 [0060] The organic EL device wherein the electron -injecting layer comprises: 

a) a layer of the at least one alkali halide or of the at least one alkaline earth halide in contact with the organic elec- 
tron-transport layer; and 

b) a layer of aluminum. 

40 

[0061] The organic EL device wherein the electron-injecting layer comprises a mixture of aluminum and the at least 
one alkali halide or the at least one alkaline earth halide. 

[0062] The organic EL device wherein the thickness of the layer of alkali halide or of alkaline earth halide is less 
than 1 nanometer (nm), and the thickness of the layer of aluminum is less than 1 nm. 
45 [0063] The organic EL device wherein the electron-injecting layer includes a mixture of aluminum and the at least 
one alkali halide or the at least one alkaline earth halide. 

[0064] The organic EL device wherein the substrate is light-transmissive anode is selected from the group consist- 
ing of indium-tin-oxide, aluminum- or indium-doped zinc oxide, tin oxide, magnesium-indium-oxide, nickel-tungsten- 
oxide, and cadmium-tin-oxide. 

so [0065] The organic EL device wherein the light-reflective cathode is selected from the group consisting of light- 
reflective elemental metal, and light-reflective metal alloys. 

[0066] The organic EL device wherein the organic electron-transport layer includes a metal chelate or of a metal 
chelating compound. 

[0067] The organic EL device wherein the at least one alkali halide is selected from the group consisting of lithium 
55 fluoride, sodium fluoride, potassium fluoride, rubidium fluoride, and cesium fluoride. 

[0068] The organic EL device wherein the at least one alkaline earth halide is selected from the group consisting of 

magnesium fluoride, calcium fluoride, stronthium fluoride, and barium fluoride. 

[0069] An organic electroluminescent (EL) device having a layered structure, comprising: 
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a) a substrate; 

b) a first electrode on one surface of the substrate; 

c) a layered organic EL medium structure disposed on the first electrode; 

d) a second electrode in contact with the layered organic EL medium structure; and 

5 e) an electron-injecting layer disposed between the first electrode and the layered organic EL medium structure and 

alternatively between the layered organic EL medium structure and the second electrode, 
wherein the electron-injecting layer includes aluminum and at least one alkali halide or at least one alkaline earth 
halide. 

10 [0070] The organic EL device wherein the substrate is light-transmissive, the first electrode is a light-transmissive 
cathode, and the electron-injecting layer is disposed between the first electrode and the layered organic EL medium 
structure. 

[0071 ] The organic EL device wherein the layered organic EL medium structure includes an organic electron-trans- 
port layer over the electron-injecting layer, an organic emitting layer over the electron-transport layer, and an organic 
is hole-transport layer over the emitting layer. 

[0072] The organic EL device wherein the second electrode is a light-reflective anode selected to inject holes into 
the hole-transport layer. 

[0073] The organic EL device wherein the substrate is light-transmissive, the first electrode is a light-transmissive 
anode, and the electron-injecting layer is disposed between the layered organic EL medium structure and the second 
20 electrode. 

[0074] The organic EL device wherein the layered organic EL medium structure includes an organic electron -trans- 
port layer over the first electrode, an organic emitting layer over the hole-transport layer, and an organic electron-trans- 
port layer over the emitting layer. 

[0075] The organic EL device wherein the second electrode is a light- reflective cathode selected to inject electrons 
25 into the electron-transport layer through the electron-injecting layer. 

[0076] The organic EL device wherein the electron-injecting layer is light-transmissive and has a thickness of less 
than 2 nanometer (nm). 

[0077] The organic EL device wherein the electron-injecting layer comprises: 

30 a) a layer of the at least one alkali halide or of the at least one alkaline earth halide in contact with the organic elec- 
tron-transport layer; and 
b) a layer of aluminum. 

[0078] The organic EL device wherein the electron-injecting layer includes a mixture of aluminum and the at least 
35 one alkali halide or the at least one alkaline earth halide. 

[0079] The organic EL device wherein the thickness of the layer of alkali halide or of alkaline earth halide is less 
than 1 nanometer (nm), and the thickness of the layer of aluminum is less than 1 nm. 

[0080] The organic EL device wherein the electron-injecting layer has a thickness of less than 2 nanometer (nm). 
[0081] The organic EL device wherein the at least one alkali halide is selected from the group consisting of lithium 
40 fluoride, sodium fluoride, potassium fluoride, rubidium fluoride, and cesium fluoride. 

[0082] The organic EL device wherein the at least one alkaline earth halide is selected from the group consisting of 
magnesium fluoride, calcium fluoride, stronthium fluoride, and barium fluoride. 

Claims 

45 

1. An organic electroluminescent (EL) device having a layered structure, comprising: 

a) an anode; 

b) an organic hole-transport layer in contact with the anode; 

so c) an organic emitting layer having one surface thereof in contact with the hole-transport layer; 

d) an organic electron -transport layer in contact with a second surface of the emitting layer; 

e) an electron-injecting layer in contact with the electron-transport layer; and 

f) a cathode in contact with the electron-injecting layer, 

wherein the electron-injecting layer includes aluminum and at least one alkali halide or at least one alkaline 
55 earth halide. 

2. The organic EL device of claim 1 , wherein the electron-injecting layer comprises: 
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a) a layer of alkali halide or alkaline earth halide in contact with the organic electron-transport layer; and 

b) a layer of aluminum. 

3. The organic EL device of claim 1 , wherein the electron -injecting layer includes a mixture of aluminum and an alkali 
5 halide or an alkaline earth halide. 

4. The organic EL device of claim 2, wherein the thickness of the layer of alkali halide or of alkaline earth halide is less 
than 1 nanometer (nm), and the thickness of the layer of aluminum is less than 1 nm. 

10 5. The organic EL device of claim 3, wherein the electron-injecting layer has a thickness of less than 2 nm. 

6. An organic electroluminescent (EL) device having a layered structure, comprising: 

a) a light-transmissive substrate; 

15 b) a light-transmissive cathode disposed on one surface of the substrate; 

c) an electron-injecting layer having one surface thereof in contact with the cathode; 

d) an organic electron-transport layer in contact with a second surface of the electron-injecting layer; 

e) an organic emitting layer having one surface thereof in contact with the electron-transport layer; 

f) an organic hole-transport layer in contact with a second surface of the emitting layer; and 
20 g) a light-reflective anode in contact with the hole-transport layer, 

wherein the electron-injecting layer includes aluminum and at least one alkali halide or at least one alkaline 
earth halide, and the electron-injecting layer has a thickness of less than 2 nanometer (nm). 

7. The organic EL device of claim 15, wherein the electron-injecting layer includes a mixture of aluminum and the at 
25 least one alkali halide or the at least one alkaline earth halide. 

8. The organic EL device of claim 15, wherein the electron-injecting layer is light-transmissive. 

9. The organic EL device of claim 15, wherein the light-transmissive cathode is selected from the group consisting of 
30 indium-tin-oxide, aluminum- or indium-doped zinc oxide, tin oxide, magnesium-indium-oxide, nickel-tungsten-oxide, 

and cadmium-tin-oxide. 

10. An organic electroluminescent (EL) device having a layered structure, comprising: 

35 a) a light-transmissive substrate; 

b) a light-transmissive anode disposed on one surface of the substrate; 

c) an organic hole-transport layer in contact with the anode; 

d) an organic emitting layer having one surface thereof in contact with the hole-transport layer; 

e) an organic electron-injecting transport layer in contact with a second surface of the emitting layer; 
40 f) an electron -injecting layer in contact with the electron-transport layer; and 

g) a light-reflective cathode in contact with the electron-injecting layer, 

wherein the electron-injecting layer includes aluminum and at least one alkali halide or at least one alkaline 
earth halide, and the electron -injecting layer has a thickness of less than 2 nanometer (nm). 

45 
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